Abstract-We report the short pulse operation of a 460 GHz gyrotron oscillator both at the fundamental (near 230 GHz) and second harmonic (near 460 GHz) of electron cyclotron resonance. During operation in a microsecond pulse length regime with 13 kV beam voltage and 110 mA beam current, the instrument generates several watts of power in two second harmonic modes, the TE2,6,1 at 456.15 GHz and the TE0,6,1 at 458.56 GHz. Operation in the fundamental modes, including the TE0,3,1 mode at 237.91 GHz and the TE2,3,1 at 233.15 GHz, is observed at output powers up to 70 W. Further, we demonstrate broadband continuous frequency tuning of the fundamental modes of the oscillator over a range of more than 2 GHz through variation of the magnetic field alone. We interpret these results in terms of smooth transitions between higher order axial modes of the resonator. The 460 GHz gyrotron is currently being processed for continuous duty operation, where it will serve as a microwave source for sensitivity-enhanced nuclear magnetic resonance (dynamic nuclear polarization) studies at 16 T (700 MHz 1 H), a field strength which is two-fold higher than has been accessible with previous technology.
power at very high frequencies, but they do not yet scale to intermediate frequencies; on the other hand, conventional vacuum electron devices such as the klystron and traveling wave tube (TWT) operate at very high output powers in the tens of gigahertz, but the physical dimensions of their interaction structures (i.e. the region of interaction with the electron beam) necessarily scale with the wavelength. The resulting increase in power density with increasing frequency limits the reliability and utility of these devices above 140 GHz.
Gyrotrons, by contrast, do not suffer from these limitations. Unlike so-called "slow-wave" microwave devices, "fast-wave" devices such as gyrotron oscillators and amplifiers rely on a resonance between the modes of an interaction structure (such as the transverse electric modes of a cylindrical cavity) and the electron beam in a magnetic field. The resonator can be overmoded and, as such, can have physical dimensions which are much larger than the operating wavelength. This permits high peak and average power operation even at elevated frequencies without risk of damage to the interaction structure [3] . Indeed, gyrotrons routinely achieve megawatt power levels at frequencies between 100 and 170 GHz, where plasma heating for fusion is the driving application [4] . The highest frequency achieved by a gyrotron oscillator to date is 889 GHz at Fukui University in Japan [5] . At the University of Electronic Science and Technology of China in Chengdu, a gyrotron successfully produced the third harmonic at 35 GHz [6] . Second harmonic operation of a Soviet gyrotron was demonstrated at 326 GHz with the power level of 1.5 kW at continuous duty [7] . More recent applications in spectroscopy, such as high field dynamic nuclear polarization (DNP) [8] and electron paramagnetic resonance (EPR) require lower peak power, but high average power continuous duty (7-10 days CW) operation and high stability of the frequency and output power.
Superconducting magnet technology is one limiting factor in high frequency gyrotron design. At fields up to 10 T, magnets which have wide room temperature bores generally employ the NbTi superconducting technology; from 10 T to 22 T (corresponding to a range of fundamental electron cyclotron frequency from 280 to 616 GHz), it is necessary to use the Nb 3 Sn conductor which elevates the cost of the superconducting magnet. This limitation can be alleviated by operating the gyrotron at a harmonic of electron cyclotron resonance, for which the n th harmonic will deliver n times the fundamental frequency for a given magnetic field. However, the harmonic interaction is inherently less efficient than the fundamental interaction due to elevated ohmic losses. It also suffers from the additional complication of mode competition and requires much higher beam currents in order to initiate oscillation. To a large extent, these difficulties can be reduced through appropriate design.
In this work, we report microsecond pulsed results from a 460 GHz gyrotron oscillator designed to operate continuously at the second electron cyclotron harmonic at low voltages and output powers of between several watts and several tens of watts. Further, we have demonstrated that continuous tuning of the gyrotron oscillator over a range of nearly 2 GHz at constant output power is possible by changing the magnetic field and implementing feedback control on the beam current. The gyrotron oscillator design will also permit the precise control of the output power and frequency that is necessary for applications to sensitivity-enhanced magnetic resonance spectroscopy through dynamic nuclear polarization (DNP). Originally employed to produce spin polarized targets for nuclear scattering experiments, DNP is a technique through which the greater Zeeman polarization of the electrons is transferred to the nuclei, in this case to enhance the sensitivity of a subsequent NMR experiment by up to two orders of magnitude. DNP requires irradiation of the sample with 1-10 W of power near the electron Larmor frequency (which is close to the electron cyclotron frequency) [8] . This technology will extend the applicability of DNP techniques to frequencies much higher than was previously possible.
II. GYROTRON DESIGN CONSIDERATIONS AND

CONSTRUCTION
The design of the 460 GHz gyrotron oscillator is based on a previous 250 GHz oscillator built at MIT for DNP experiments [9] [10] [11] , with the additional goal that it operate at the second electron cyclotron harmonic. This design is described in [12] , [13] . Challenges associated with second harmonic operation were addressed with novel designs for many components of the tube. Critical operational features of this design include the ability to efficiently generate second harmonic radiation at relatively low voltages and currents, low starting currents, reduced ohmic losses for higher efficiency, and isolated excitation of a second harmonic mode without competition from fundamental modes.
A schematic of the 460 GHz gyrotron system is shown in Fig. 1 . The axis of the gyrotron tube and electron beam lie along the vertical bore of a 9.2 T superconducting magnet, while the microwave power is extracted via a quasioptical mode converter through an auxiliary, horizontal, room temperature bore which intersects with the main bore above the main coil of the superconducting magnet. The dual-bore arrangement allows for efficient separation of the microwave beam from the electron beam, resulting in increased vacuum pumping conductance to the lower portion of the tube, a feature which is critical for continuous duty operation. It also reduces ohmic losses in the output waveguide, simplifies the window design, and allows the spent electron beam to be collected in a highly compact and water-cooled collector region which is far from any fragile microwave or waveguide structure. The total length of the gyrotron tube is therefore only 1.4 m. Sets of two-axis horizontal alignment stages are located both under the electron gun and around the collector and are used to align the gyrotron tube with respect to the magnetic field of the superconducting magnet thereby aligning the electron beam. The experiment employs a low voltage, diode-type electron gun whose design is modeled after the gun employed in a successful 250 GHz gyrotron experiment [11] . The low operating voltage of less than 15 kV eliminates the need for cumbersome oil cooling and high voltage insulation and reduces the possibility that ionizing radiation will be produced. The reduced complexity of this gun design is achieved at the expense of an increased sensitivity of the electron beam velocity pitch factor and velocity spread to the exact operating parameters. For that reason, characteristics of the electron gun were studied using the EGUN electron optics and gun design program [14] and optimized for the intended operating regime. Figure 2 (a) depicts a typical simulation of the trajectories followed by electrons accelerated by a 12 kV potential in a gently tapered magnetic field reaching a maximum of 8.4 T in the cavity. The transverse rms velocity spread and beam α reach 4% and 2, respectively, in the region of the cavity for the design parameters optimized for second harmonic operation. For operating parameters corresponding to excitation of fundamental modes observed in this experiment, EGUN simulations predict large variations in the velocity spread and velocity pitch ratio with changes in the beam voltage and the magnetic field. The results of an EGUN study of this gun over a broader range of operating voltages and magnetic fields are shown in Figure 2 (b) and (c).
In practice, the electron beam parameters such as the velocity pitch factor and velocity spread can be experimentally Cross-sectional schematic, not drawn to scale, of the 460 GHz gyrotron cavity with the axial radiation field profile for the second harmonic TE 0,6,1 resonator mode.
tuned by an electromagnet shim coil situated around the electron gun through changing the magnetic compression, the ratio of axial magnetic field at the cavity and cathode. Also known as the "gun coil", it reaches a maximum magnetic field of 8.5 × 10 −2 T on axis and serves to fine tune the electron beam characteristics.
The resonant gyrotron interaction structure is a tapered cavity that was optimized for the TE 0,6,1 second harmonic eigenmode at 460 GHz using a cold cavity (electron beam absent) simulation code described in Section IV-B [15] . Figure 3 is a cross-sectional schematic of the tapered cavity, consisting of a straight section of length 20.5 mm and circular cross-section of radius 2.03 mm joined to a linearly uptapered section at three discrete slopes at the exit (0.25, 0.56, and 1.3 o ) and a linearly downtapered section at the entrance of 4.7 o , showing the axial profile of the design mode. Mode conversion in the input taper was not detected by simulation. The gyrotron cavity was electroformed from OFC copper using an aluminum mandrel precision machined to a 5 µm tolerance and 0.2 µm finish.
The quasi-optical mode converter, optimized for the TE 0,6 mode, serves to convert the waveguide radiation into a freespace Gaussian beam in addition to separating the electron beam from the RF beam. The mode converter consists of a step cut waveguide launcher, a focusing mirror, and a flat reflecting mirror. Table I summarizes the gyrotron and cavity design parameters. Notably, the gyrotron was designed for low voltage and current (12 kV, 100 mA) operation in a single second harmonic higher order mode. The DNP experiment requires moderate peak powers but continuous duty cycle operation for periods lasting 7-10 days, during which the output power and frequency must be stable to within 1% and at least 5 MHz respectively. We selected the TE 0,6,1 design mode on the basis of its isolation from competing fundamental modes and because the electron gun can easily generate a 1 mm beam radius in the cavity, which couples to the third maximum of the transverse field distribution.
Auxiliary equipment includes a recirculating chiller with three separate channels to water cool the electron beam col-lector, gun coil, and to maintain a constant cavity temperature, which is required for gyrotron frequency stability.
A. Theory
The electromagnetic radiation in a gyrotron is produced by the interaction of a mildly relativistic gyrating electron beam and transverse electric (TE) wave near cutoff in an overmoded cavity resonator situated in a DC magnetic field. The oscillation frequency ω of a TE m,p,q mode of a cylindrical cavity of effective length L and radius r 0 is given by
where
are the transverse and longitudinal propagation constants of the TE m,p,q wave, c is the velocity of light, ν mp is the p th root of J m (x), and m, p, and q are, respectively, the azimuthal, radial, and axial mode numbers. The resonance condition for the excitation of the cyclotron resonance maser instability is satisfied when ω and k z in (1) satisfy the beam mode dispersion relation,
where ω c0 (= eB 0 /γm e ) is the relativistic cyclotron fre-
is the relativistic mass factor, m e and e are the electron rest mass and charge, β ⊥0 and β z0 are, respectively, the transverse and longitudinal velocities of the electrons normalized to the velocity of light, n is the cyclotron harmonic number, B 0 is the magnitude of the static axial magnetic field, and the subscript "0" denotes that the value is taken at the start of the interaction region.
The starting current is defined as the minimum electron beam current needed to overcome the dissipative processes in the cavity and excite a given transverse electric mode. This threshold is obtained on energy conservation grounds by equating the dissipative relationship implied in
with the beam-wave power transfer governed by
where W is the stored energy of the mode, E is the cavity electric field, J (= evf (r, p, t)) is the current density, and f (r, p, t) is the electron distribution function. For both the fundamental and second electron cyclotron harmonic, the starting current, in amperes, for a Gaussian axial field profile with a single axial maximum, as a function of the magnetic field detuning is given by [16] :
where the length parameter µ is defined by
the magnetic field detuning ∆ is given by
the beam-wave coupling factor C 2 m,p is given by
and R e is the electron beam radius. The "±" sign in (8) refers to the counter-and co-rotating TE m,p waves, respectively. A similar theory, derived for the case of fixed sinusoidal axial field profiles, can be applied to calculate linear starting currents for higher order axial modes [17] .
B. Operation at the second harmonic
Operation of a gyrotron at the second harmonic of the electron cyclotron resonance, which results in approximately twice the fundamental frequency for a given magnetic field, is attractive even when magnet technology is not a limiting factor. Nevertheless, it suffers from three principal challenges: high ohmic losses, which reduce the efficiency, high start currents, which require higher beam power than our experimental design allows, and finally, mode competition. Of these, mode competition from fundamental modes whose starting currents are inherently lower is the primary concern. Due to the density of the mode structure in an overmoded resonator, particularly when higher order longitudinal modes are included, mode competition must be explicitly addressed in the design [18] .
The ratio of the second electron cyclotron harmonic, I 2ωc , to the fundamental starting current, I ωc , can be approximated from (5) as follows;
where the subscript ω c denotes the fundamental mode quantities and 2ω c the second harmonic. The first term is approximately 1 4 since the number of wavelengths in a cavity of fixed length L is approximately twice as large at second harmonic as at the fundamental. Due to the low voltage used to accelerate the electrons, the second term, which incorporates the normalized transverse velocity of the electrons, is large; it is about 25 for velocity pitch factor equal to 2 at 12 kV. In practice, this can be mitigated through a design in which the second harmonic Q is large with respect to the competing fundamental mode. In this experiment, the value of the third factor is about term is smaller at the fundamental than at the second harmonic. In summary, the minimum starting current for the second harmonic modes is generally at least several times higher than the minimum starting current for the fundamental modes. In lowering the start current through lengthening the cavity, we encounter an elevated diffractive Q,
which directly leads to increased ohmic losses in the cavity by
where η is the total efficiency. In reality, the cavity design must be a compromise between several factors.
III. SECOND HARMONIC EXPERIMENT
The initial experiments were performed using pulses with duration of approximately 3 µs. The free parameters of the experiment include the electron beam voltage and current, main magnetic field, gun magnetic field, and the alignment of the vacuum tube with respect to the room temperature bore of the superconducting gyrotron magnet. The electron beam voltage and current were varied up to 15 kV and 160 mA while the main magnetic field was varied up to 9.2 T and the gun magnet up to ±8.5 × 10 −2 T with respect to the cathode field. All measurements were taken at the end of a 2 m long copper waveguide of 2.54 cm inner diameter, which couples to the output window. Figure 4 shows an example of typical oscilloscope traces of the electron beam voltage, collector current, and RF signal for the experiment. In this case we show the fundamental TE 0,3,1 mode. The noise and distortions to the pulse shape are due to power supply ripple and the transient response of connecting cables. A small droop in the voltage pulse causes a small corresponding droop in the microwave pulse.
A. Start oscillation current
The starting current curves for all modes experimentally observed are shown in shown with filled shapes. Data in each mode were collected at the unique voltage which was optimal for its excitation. The conditions are labeled in Fig. 5 .
B. Power
Peak power measurements were made during the microsecond pulsed experiment using both a laser calorimeter and a pyroelectric detector. The calorimeter head surface was coated with an absorbing layer of paint and re-calibrated for millimeter wavelengths. Figure 6 (a) depicts measured peak power data of the fundamental TE 0,3,q modes around 238 GHz as a function of beam current and magnetic field. A pyroelectric detector was used to measure the radiation, and the beam voltage was fixed at 9 kV with microsecond pulse lengths and a repetition rate of approximately 30 Hz. The data were confirmed with calorimetric measurements. Nearly 70 W of peak power were recorded at 237.9 GHz with an efficiency of over 7%.
Initial pulsed power measurements of the TE 2,6,1 (456.15 GHz) second harmonic mode indicate signal strengths of several watts with 13 kV and 110 mA. The TE 2,6,1 mode was found experimentally to be more isolated from fundamental modes than the TE 0,6,1 second harmonic design mode, which was also observed in [19] , [20] . 
C. Linear theory and MAGY simulations
With the linear theory previously described in Section II-A, we can proceed to analyze the start current data from Fig. 5 . In all cases, we use the beam parameters that were derived from EGUN simulations. We have observed two second harmonic modes in these experiments, the TE 2,6,1 and TE 0,6,1 , for which theoretically predicted and experimentally measured starting currents show good agreement (Figure 7) . For each mode, we have also calculated the theoretical magnetic field which minimizes the start current and compared it to experiment (Table II) . Finally, we are able to calculate a cavity radius of 2.041 mm to obtain the best fit to the data. This value is 0.3% larger than the design value of 2.035 mm and the difference is within the manufacturing accuracy of the cavity.
It is clear that the TE m,p,1 modes are excited at the magnetic fields predicted by linear theory [21] . However, the fundamental modes in the experiment have multiple local minima which form a continuous manifold of accessible cavity oscillation states, each one producing monochromatic emission. This phenomenon, which is due to higher order longitudinal states, will be more fully discussed in Section IV. In short, for fundamental modes, the occurrence of overlapping TE m,p,q (where q is larger than one) higher order axial modes broadens the magnetic excitation range. Finally, the very low values of start current observed in the fundamental modes are described by linear theory.
In Table II , the experimental start current values of seven observed modes are compared with values calculated from [21] using beam parameters from Fig. 2 , diffractive Q from cold cavity theory, and all other values from experiment. The agreement is good, and discrepancies might be explained by the uncertainties in the beam alpha, diffractive Q, and experimental conditions such as beam radius and alignment.
Nonlinear modeling has been performed using the timedependent simulation code MAGY, developed jointly at the University of Maryland and the Naval Research Laboratory [22] . In MAGY, the resonator transverse fields are expanded in a normal mode basis of waveguide modes, and the axial field structure is solved self-consistently in the slowly time-varying approximation. In all the simulations presented here, one or two TE modes were used in the basis. In order to observe steady state dynamics, all modes were forced to oscillate at the frequencies obtained from self-consistent simulations in an iterative adjustment procedure which employs the slope of the field phase evolution as an estimator. The cavity geometry was defined with an axial grid step of of 9.8 × 10 −3 cm (1041 points), and with half the conductivity of ideal copper. We have chosen physical parameters to describe the geometry and thermal properties of the beam. This includes, for all simulations, pitch angle, velocity spread, guiding center radius and (where applicable) the spread in guiding centers which was obtained from EGUN simulations presented in Figure 2 (b) and (c). We have systematically increased the EGUN-derived velocity spread according to [23] to account for cathode uniformity, thermal variations, and other effects not explicitly modeled in EGUN. The simulation geometry also involves a slightly tapered magnetic field derived from experimental measurement of the axial field profile. The simulation time step was taken to be 50-150 ps, and we ran the code for 200-2,000 iterations to reach a converged steady state solution.
In simulations of the TE 0,3 fundamental mode, MAGY qualitatively reproduces the experimentally observed power distribution ( Figure 6(b) ) but predicts much higher power output than was actually observed. The remaining differences might arise due to higher ohmic losses in the cavity, diffractive and coupling losses in the quasi-optical mode converter, and reduced coupling to the output waveguide, which were not studied in detail in this experiment.
IV. BROADBAND CONTINUOUS FREQUENCY TUNING
EXPERIMENT
Broadband continuous frequency tuning was observed as a function of magnetic field for all fundamental modes. A long cavity design was utilized in order to reduce the start current for the second harmonic, in order to meet excitation criteria for a low power gun. In addition to lowering the start current for second harmonic modes, the length of the cavity permits multiple radiation maxima along the axial length of the cylindrical waveguide resonator to be excited. That is, in addition to the TE m,p,1 modes that we expect to excite, there exist a series of TE m,p,q modes where the q is larger than one. These higher order axial modes can be excited at magnetic fields just above those where the TE m,p,1 modes are reached. The practical consequence of this is that continuous frequency tuning on the order of several gigahertz has been observed for each of the fundamental modes excited in this gyrotron. A continuous bandwidth of 410 MHz around 31.8 GHz has been previously observed using higher order axial modes, up to q = 5, in a two-stage gyrotron amplifer experiment at the University of Maryland [24] . Several experiments in electron paramagnetic resonance (EPR) and dynamic nuclear polarization (DNP) might be dramatically simplified with a tunable oscillator that exploits this property.
A. Experimental data
The experimental gyrotron frequency corresponding to magnetic field tuning in the range 5.6 -9.2T is shown in Figure  8 . The frequency was measured using a heterodyne receiver system which operates on a high harmonic of an 18-26 GHz YIG-tuned local oscillator. The local oscillator was frequencylocked using a PLL circuit, resulting in frequency measurement accuracy which is limited only by the harmonic phase noise of the local oscillator.
The data were taken concurrently with the data from Fig.  5 , in which the beam current was set near the threshold of oscillation for each mode. Further, the data in each TE m,p mode were taken at unique voltages which are labeled on Fig. 5 . We observe continuous frequency tuning in each fundamental mode across a range of magnetic fields. The frequency tuning bandwidth is relatively large, notably with 1.8 GHz tuning at the 246 GHz TE 5,2,q modes and 2.34 GHz tuning at the 157 GHz TE 2,2,q modes. Further, the data show that a significant amount of power can be maintained across the frequency tuning range of a given mode. This is illustrated for the TE 0,3,q modes in Fig. 6(a) , where the power measurements are taken as a function of the magnetic field and electron beam current. We can conclude that an average power of at least 5 W can be maintained from 237.9 to 238.6 GHz. Finally, the second harmonic modes do not tune by more than 20-30 MHz, which implies that the long-term frequency will be stable towards drift in the magnetic field. This follows from Fig.7 where we have shown that only the first axial variation of the second harmonic modes has been excited in this experiment. This is important in the intended application of this device.
B. Discussion
Prior to further analysis, we note that the mechanism of frequency tuning is qualitatively similar for each fundamental mode. Figure 9 is a plot of the experimental data from the fundamental modes of Figs. 5 and 8, normalized to one magnetic field axis. That is, the data from each TE m,p,q mode family are normalized to the magnetic field value which yields minimum start current for the mode. The frequency axis in the lower plot is then normalized with respect to the frequency of the first axial mode at that magnetic field.
The start currents and normalized frequency tuning with respect to magnetic field resemble each other in functional form. For instance, in the upper plot, the local minima of the start oscillation current curves fall at approximately the same magnetic field values; in the lower plot, the frequency tuning rate, df /dB, is identical for each family of modes.
For the following discussion, we therefore focus our attention on the TE 5,2 mode, which displays broad frequency tuning in isolation from other fundamental and second harmonic modes. First, using weakly irregular waveguide (so-called "cold cavity") theory [15] , we can calculate the resonator eigenfrequencies, Q values, and axial field functions of TE modes by solving a one-dimensional wave equation of the form d where f is the longitudinal profile function and z is the longitudinal coordinate, with the boundary conditions of a cutoff wave in the input and propagating wave at the output. The analysis relies upon the dimensions of the cavity as well as the indices of the TE m,p mode, but neglects coupling to other modes and the perturbing effects of the electron beam. Calculated field profiles lose the distinction between consecutive axial modes, approximating the continuous behavior observed in the experiment. Using the cold cavity frequencies and axial field profiles corresponding to the TE 5,2,1 -TE 5,2,5 modes, we have applied linear theory [21] to calculate their corresponding magnetic fields. These five calculated eigenfrequencies are shown in Fig.  10 as solid circles, where each eigenfrequency is located at the magnetic field corresponding to the theoretical minimum starting current of that eigenmode. This value of magnetic field is selected because, at the minimum starting current, the effect of dispersion due to the electron beam is negligible and the linear theory should be valid. Since these data are indeed taken near the threshold of the starting current, the agreement between theory and experiment is very good. However, the linear theory alone cannot completely describe the dynamics of the beam-wave interaction for reasons that have been previously enumerated. For example, the observation of continuous frequency tuning even between frequencies corresponding to the discrete axial modes of the cold cavity theory cannot be easily explained within the framework of linear theory. We therefore again apply the non-linear, timedependent theory as implemented in MAGY to model the operating characteristics of this gyrotron. Using the EGUNderived beam pitch ratio and the adjusted perpendicular velocity spread to model thermal properties of the electron beam as previously described, the self-consistent MAGY simulations quantitatively predict continuous frequency tuning and monochromatic emission in the TE 5,2 mode. The agreement between experiment and the predictions of MAGY as shown in Fig. 10 is better than for the linear theory, even though the former depends on fewer adjustable parameters.
Detailed analysis of the axial field structures predicted by MAGY (Figure 11 ) reveal a continuous transition from lower to higher order axial modes, and this is the basis of the observed frequency tuning. The self-consistent axial field structures resemble those obtained from the cold cavity theory.
V. CONCLUSION
The 460 GHz experiment has successfully demonstrated that a gyrotron can efficiently produce several watts of average power in submillimeter wavelengths at low voltage. In addition, continuous broadband frequency tuning of the gyro-oscillator has been demonstrated, and we have presented non-linear and linear analyses of the results. The gyrotron is currently being processed for CW second harmonic generation at 460 GHz. We note that, due to the inhomogeneous frequency dispersion of the interactions responsible for dynamic nuclear polarization effects in paramagnetically doped solids, either the microwave source frequency or the static magnetic field in the NMR spectrometer must be varied over a broad range to optimize the experiment. Performing the latter currently requires high homogeneity superconducting magnets in the 9-16 T range which incorporate a persistent sweep coil. Future oscillator designs which could exploit the broad tunability features described here might eliminate this complication of the experiment while still preserving the advantages of simple, low-voltage, CW operation.
